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(54) Fluid flow control in curved capillary channels 



(57) A capillary pathway is dimensioned so that the 
driving force for the movement of liquid through the cap- 
illary pathway arises from capillary pressure. A plurality 
of groups of microstructures are fixed in the capillary 
pathway within discrete segments of the pathway for fa- 
cilitating the transport of a liquid around curved portions 
of pathway. Capillary channels can be coupled between 
two adjacent groups of microstructures to either the in- 
ner and outer wall of the capillary pathway. The width of 
each capillary channel is generally smaller than the cap- 
illary pathway to which it is connected, and can be varied 
to achieve differences in fill initiation. The grouped 
microstructures are spaced from each other within each 
group on a nearest neighbor basis by less than that nec- 
essary to achieve capillary flow of liquid with each group. 



Each group of microstructures are spaced from any ad- 
jacent group by an inter-group space greater than the 
width of any adjacent capillary channels connected to 
the capillary pathway. Generally, the microstructures 
are centered on centers which are equally spaced from 
each other, and microstructures that are located closer 
to the inner wall of any curve in the capillary pathway 
are generally smaller than the microstructures located 
closer to the outer wall. This combination of structural 
features causes fluids to flow through the capillary path- 
way so that the rate of flow is somewhat non-uniform as 
the fluid travels around curved portions of the capillary 
pathway, the meniscus appearing to pause momentarily 
at each inter-group space, the flow being somewhat 
slower near the inner wall of a curved portion than near 
the outer wall. 
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Description 

BACKGROUND OF THE INVENTION 

[0001] The present invention is directed to physical 
structures and methods for controlling the flow of small 
volumes of liquids such as blood through capillary de- 
vices. The present invention is particularly directed to 
such structures that include curved capillary flow paths 
and microstructures which can be positioned in the flow 
path to promote uniform capillary pull around the curve. 
The present invention also concerns capillary channels 
that connect to such curved capillary flow paths. 
[0002] Many diagnostic tests are carried out in the 
clinical field utilizing a blood sample. It is desirable, 
when possible, to use a very small volumes of blood, 
often no more than a drop or two. Capillary structures 
are often employed when handling such small volumes 
of blood or other fluids particularly in combination with 
electrochemical sensors. The capillary structures can 
be included in analyte sensing apparatus configured in 
the form of a disposable test strip adapted to cooperate 
with electrical circuitry of a testing instrument. The test 
strip generally includes a first defined area to which a 
biological fluid is to be applied. At least one capillary 
pathway leads from the first area to one or more second 
areas containing sensing apparatus such as electrodes 
or optical windows. Reagent chemical compositions can 
also be included in one or more of the capillary pathways 
or second areas containing the sensing electrodes. The 
testing instrument is generally programmed to apply a 
preselected potential to the sensing electrodes at a pre- 
determined time following application of the biological 
fluid to the first defined area. The current flowing be- 
tween given pairs of the sensing electrodes through the 
biological fluid is then measured to provide an indication 
of the presence and/or concentration of one or more tar- 
get analytes in the biological fluid. Following the testing, 
the test strip can be removed from the testing instrument 
and suitably disposed. 

[0003] Some electrochemical sensors of this general 
type include structures intended to promote the trans- 
port of plasma, while substantially excluding or inhibiting 
the passage of erythrocytes to the area or areas con- 
taining the sensing electrodes. Example devices are 
disclosed in U.S. Patent 5,658,444 and in European 
Patent Application 88303760.8. Other sensors include 
grooves and other structures designed to direct fluid 
flow along prescribed paths such as in U.S. Patents 
4,233,029 and 4,618,476. The test strips including such 
capillary pathways are generally constructed in a lay- 
ered geometry as shown, for example, in U.S. Patent 
5,798,031. 

[0004] There is a continuing need for the development 
of commercially feasible sensors that test for biologically 
significant analytes. In particular, there is a need for 
such sensors in which the transport of the biological flu- 
ids is controlled as it flows from one location to another. 



Such flow control could be useful, for example, in the 
development of structures for sequential or simultane- 
ous testing of a given biological fluid sample for multiple 
analytes, or repeated tests of given portions of a sample 

s for the same analyte for reliability, or to develop time var- 
iant functions of a given analyte interaction. Of particular 
interest is the development of structures for controlling 
the capillary flow of liquids in curved pathways and 
around corners so that the leading edge or meniscus of 

10 the fluid remains substantially perpendicular to the walls 
defining the capillary channel or pathway as the fluid 
flows toward areas containing the sensing elements 
and/or reagents. 

15 SUMMARY OF THE INVENTION 

[0005] A fluid transport structure of the present inven- 
tion generally includes a capillary pathway having at 
least one curved portion. The pathway curved portion 

20 can be viewed as comprising a base, an inner wall de- 
fined by a first radius and an outer wall situated generally 
parallel to the inner wall and defined by a second radius 
greater than the first radius. The inner wall and outer 
wall are fixed to the base and define the lateral bound- 

25 aries of the capillary pathway. A lid extends at least from 
the inner wall to the outer wall to cover the capillary path- 
way. The capillary pathway includes apparatus facilitat- 
ing the transport of a liquid longitudinally through the 
pathway. The apparatus generally comprises at least 

30 one group of microstructures fixed to the base that oc- 
cupy entirely the capillary pathway between the inner 
and outer walls. The microstructures within each group 
are generally spaced from each other on a nearest 
neighbor basis by a first distance that is less than the 

35 distance necessary to achieve capillary flow of liquid. 
Each group of microstructures is confined to a discrete 
arcuate segment of the curved portion of the capillary 
pathway, and is spaced from any adjacent group by a 
distance greater than the first distance. 

40 [0006] The microstructures can comprise a variety of 
shapes. A preferred shape for the microstructures is one 
of partitions having longitudinal dimensions about equal 
to the discrete arcuate segment occupied by the group. 
Each partition is preferably arcuate, but can also be lin- 

45 ear, or even zig-zag. Another preferred shape for the 
microstructures is posts arranged in a triangular close 
pack configuration. Each posts can have a variety of 
shapes in cross-section, such as circular, diamond, 
square, Vi moon, triangle, etc. At least some of the posts 

50 adjacent to either of the walls can be joined to the walls 
by radial extensions. Generally, the microstructures lo- 
cated closer to the inner wall of the curved portion of the 
capillary pathway are smaller than the microstructures 
located closer to the outer wall. The microstructures 

55 within each group are preferably centered on centers 
which are equally spaced from each other. 
[0007] The fluid transport structure of the present in- 
vention can also include at least one capillary channel 
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coupled to the capillary pathway curved portion gener- 
ally between two adjacent groups of the microstruc- 
tures. Fluid flow into the capillary channels is generally 
a function of the lateral dimensions of the capillary chan- 
nels and can be controlled at least in part by the spacing 
of the microstructures in the capillary pathway adjacent 
to the capillary channels. Generally, the walls defining 
the lateral boundaries of the capillary channels are 
much closer to each other than are the inner and outer 
walls of the capillary pathway. To achieve differences in 
fill times, the walls defining the lateral boundaries of any 
two capillary channels are generally spaced apart by dif- 
ferent distances. 

[0008] A biological fluid handling structure according 
to the present invention can be molded as two or more 
pieces of a thermoplastic resin such as nylon, styrene- 
acrylic copolymer, polystyrene, or polycarbonate using 
known micro-injection molding processes. The mold for 
making the obstructions in the capillary pathway can be 
constructed by deep reactive ion etching processes typ- 
ically employed in the manufacture of molds for pre-re- 
corded compact disks and digital video disks. A suitable 
dry reagent can be situated at desired locations in the 
structure, if desired. The pieces of the structure are then 
assembled so that the capillary pathway is enclosed 
within the structure, yet can be accessed at an inlet port 
designed to receive a sample of a biological fluid. The 
apparatus is suitable for use with many types of fluid 
samples. For example body fluids such as whole blood, 
blood serum, urine, and cerebrospinal fluid can be ap- 
plied to the apparatus. Also food products, fermentation 
products and environmental substances, which poten- 
tially contain environmental contaminants, can be ap- 
plied to the apparatus. 

[0009] The resulting structure can be viewed as an 
apparatus including a capillary pathway defined by a 
base, an inner wall and an outer wall situated generally 
parallel to the inner wall, the inner wall and outer wall 
being fixed to the base and defining lateral boundaries 
of the capillary pathway, and a lid extending at least from 
the inner wall to the outer wall covering the capillary 
pathway. The capillary pathway includes one or more 
groups of microstructures fixed to the base within dis- 
crete segments of the pathway for facilitating the trans- 
port of a liquid longitudinally through the pathway. At 
least two capillary channels are coupled between two 
adjacent groups of microstructures to either the inner 
and outer wall of the capillary pathway. Each capillary 
channel includes a pair of side walls defining lateral 
boundaries of each capillary channel, each pair of side 
walls of all capillary channels being selectively spaced 
from each other yet closer to each other than are the 
inner and outer walls of the capillary pathway, the pair 
of side walls of one of the capillary channels being 
spaced apart by a different distance than one other cap- 
illary channel. The grouped microstructures are spaced 
from each other within each group on a nearest neighbor 
basis by less than a first distance that is less than that 



necessary to achieve capillary flow of liquid with each 
group being confined to a discrete arcuate segment of 
a curved portion of the capillary pathway. Each group of 
microstructures are spaced from any adjacent group by 

s an inter-group space greater than the width of any of the 
capillary channels connected to the capillary pathway. 
Generally, the microstructures are centered on centers 
which are equally spaced from each other, and micro- 
structures that are located closer to the inner wall of any 

10 curve in the capillary pathway are generally smaller than 
the microstructures located closer to the outerwall. This 
combination of structural features causes fluids to flow 
through the capillary pathway so that the rate of flow is 
somewhat non-uniform as the fluid travels around 

is curved portions of the capillary pathway, the meniscus 
appearing to momentarily pause at each inter-group 
space, the flow being somewhat slower near the inner 
wall of a curved portion than near the outer wall. 
[0010] Other advantageous features will become ap- 

20 parent upon consideration of the following description 
of preferred embodiments which references the at- 
tached drawings depicting the best mode of carrying out 
the present invention. 

25 BRIEF DESCRIPTION OF THE DRAWINGS 

[0011] FIG. 1 is a plan view, through a transparent lid, 
of a capillary structure that includes curved capillary 
pathways, each of which can include microstructures 
30 according to the present invention, and some of which 
are connected to smaller capillary channels according 
to the present invention. 

[0012] FIG. 2 is an enlarged perspective view of a 
small portion of the capillary structure shown in FIG. 1 . 

35 [0013] FIG. 3 is detail plan view of a portion of the cap- 
illary pathway shown in FIG. 1 showing two preferred 
embodiments for the microstructures. 
[0014] FIG. 4 is further enlarged detail view of a por- 
tion of the capillary pathway showing a feature of one 

40 wall of a curved portion of the capillary pathway. 

[0015] FIG. 5 is an enlarged plan view of a portion of 
FIG. 1 showing in detail a preferred structure for the 
electrodes. 

45 DESCRIPTION OF PREFERRED EMBODIMENTS 

[0016] A sensor apparatus 10 for testing for biologi- 
cally significant analytes of an applied biological fluid is 
shown in FIGs 1-4, the apparatus being illustrative of 

50 the present invention. The sensor apparatus 10 is in the 
form of an easily disposable test strip 12 that includes 
a fluid inlet port 14 for receiving a biological fluid to be 
tested. A pattern of capillary pathways 16 and smaller 
channels 18 lead to a variety of testing sites 20. Each 

55 of the testing sites 20 includes an optical or electro- 
chemical sensor illustrated as pair of electrodes 22 
which are shown leading from a testing site 20 to an 
edge of the test strip 12 to be connected to a suitable 
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testing apparatus, not shown. The variety of testing sites 
20, which are connected to the inlet port 14 by a variety 
of path lengths and widths, permits the sequential or si- 
multaneous testing of a given biological fluid sample for 
multiple analytes, or the repeated testing of given por- 
tions of a sample for the same analyte for reliability, or 
to develop time variant functions of a given analyte in- 
teraction. The capillary pathways 16 include curved por- 
tions 24, 26 and 28. The curved portions are of particular 
interest to the present invention as are the junctions be- 
tween the curved portions and the smaller capillary 
channels 18. 

[0017] A perspective view of a portion of the sensor 
apparatus 10 is shown in FIG. 2. The apparatus 10 is 
shown to include a capillary pathway 16 having at least 
one curved portion such as portion 24. The pathway 
curved portion 24 is defined by a base 30 shown to be 
a depressed region in a substrate 31 , a curved inner wall 
32 and a curved outer wall 34. The walls 32 and 34 are 
generally concentric about, and spaced from, a common 
center 33 situated at a point interior of the walls 32 and 
34. The inner wall 32 and outer wall 34 are fixed to and 
integral with the base 30 and define the lateral bounda- 
ries of the capillary pathway 16. A lid 36, which can be 
transparent at least over the testing sites 20, extends at 
least from the inner wall 32 to the outer wall 34, and 
preferably over the entire substrate 31 to cover the cap- 
illary pathway 1 6. Air vents 35 can be included in the lid 
36 or the substrate 31 adjacent the testing sites 20 to 
permit air to escape from the apparatus as a specimen 
fluid is pulled into the apparatus by the capillary action. 
[0018] Preferably a surface of the lid 36 confronting 
the substrate 31 carries the electrodes 22 from the var- 
ious testing sites 20 to an exposed edge of the lid 36 so 
that the terminal ends of the electrodes 22 project from 
the edge of the substrate 31. The terminal ends of the 
electrodes are intended to connect to apparatus such 
as preprogrammed sensor reading apparatus designed 
to apply a predetermined potential to the electrodes af- 
ter a predetermined time interval following delivery of a 
liquid sample to the inlet port 14. Current flow through 
the sample can be measured to provide an indication of 
the presence and/or concentration of a target analyte. 
A preferred embodiment for the electrodes 22 is illus- 
trated in FIG. 5 comprising a central electrode 37, which 
is shown to be square but could also be round or another 
convenient shape, and a peripheral electrode 39 sub- 
stantially surrounding the central electrode 37. The elec- 
trodes 22 can be formed by standard lithography proc- 
esses commonly used in the semi-conductor industry. 
As an alternative to the electrodes 22, the transparent 
character of the lid 36 at least over the testing sites 20 
permits an optical sensor, not shown, to observe the 
sample interaction with a reagent to provide an indica- 
tion of the presence and/or concentration of a target an- 
alyte. 

[0019] The capillary pathway 16 includes apparatus 
facilitating the transport of a liquid longitudinally through 



the pathway. The apparatus is shown in FIGs 2-4 and 
generally comprises groups 38a-38g of microstructures 
40 fixed to the base 30 that generally occupy the entire 
width of the capillary pathway between the inner and 
s outer walls 32 and 34, respectively defined by radii R 1 
and R 2 . The microstructures 40 within each group 38 
are shown to be of two general types, posts 42 and fenc- 
es 44. The microstructures 40 are generally spaced 
from each other, on a nearest neighbor basis, by a first 
distance that is less than the distance necessary to 
achieve capillary flow of liquid between the microstruc- 
tures. Each group 38 of microstructures 40 is confined 
to a discrete arcuate segment a of the curved portion of 
the capillary pathway, and is spaced from any adjacent 
group by an inter-group space of distance (3. Typically 
the arcuate segment a is a minor portion of the arc in- 
volved in the curved portion, of about 5° to 15°. With 
shorter radius curved portions, the arcuate segment a 
will generally occupy a larger portion of the arc. The in- 
ter-group space distance p is generally smaller than a, 
yet larger than the spacing between adjacent micro- 
structures 40 within any single group 38. 
[0020] The microstructures 40 can comprise a variety 
of shapes. A preferred shape for the microstructures is 
as arcuate partitions 44 having longitudinal dimensions 
about equal to the discrete arcuate segment a occupied 
by the group 38 containing the partitions 44 as shown 
in groups 38d through 38g. Another preferred shape for 
the microstructures 40 is as round posts 42 arranged in 
a triangular close pack configuration as shown in groups 
38a through 38d. At least some of the posts 43 adjacent 
to either of the walls 32 or 34 can be joined to the walls 
as shown in FIG 4. Generally, the microstructures 40 
located closer to the inner wall 32 of the curved portion 
of the capillary pathway 16 are smaller than the micro- 
structures located closer to the outer wall 34. The micro- 
structures 40 within each group are preferably centered 
on centers which are equally spaced from each other by 
a center separation distance 5. 
[0021] The fluid transport structure of the present in- 
vention can also include capillary channels 50 coupled 
to the capillary pathway 16 generally between two ad- 
jacent groups 38 of the microstructures 40. Fluid flow 
into the capillary channels 50 is generally a function of 
the lateral dimensions X of the capillary channels. The 
fluid flow can be controlled at least in part by the spacing 
of the microstructures 40 in the capillary pathway 16 ad- 
jacent to the capillary channels 50. Generally, the walls 
52 and 54 defining the lateral boundaries of the capillary 
channels 50 are much closer to each other than are the 
inner and outer walls 32 and 34 of the capillary pathway 
16. To achieve differences in fill times, the walls 52 and 
54 defining the lateral boundaries of any two capillary 
channels are generally spaced apart by different dis- 
tances X-\, X 2 , and 

[0022] A biological fluid handling structure according 
to the present invention can be molded as one or two or 
more pieces of a thermoplastic resin. Suitable resins in- 
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elude thermoplastics such acrylonitrile butadine styrene 
(ABS), acetal, acrylic, polycarbonate (PC), polyester, 
polyethylene, fluroplastic, polimide, nylon, polyphe- 
nylene oxide, polypropylene (PP) styrene-acrylic copol- 
ymer, polystyrene, polysulphone, polyvinyl chloride, po- 
ly(methacrylate), poly(methyl methacrylate), or polycar- 
bonate, or mixtures or copolymers thereof. More prefer- 
ably, the substrate 31 includes a polycarbonate, such 
as those used in making compact discs. Specific exam- 
ples of polycarbonates include MAKROLON 2400 from 
Bayer AG of Leverkusen, Germany, and NOVAREX 
7020 HFfrom Mitsubishi Engineering-Plastics Corpora- 
tion of Tokyo, Japan. Most preferably, the substrate 31 
does not contain any reinforcing material, and only con- 
tains a thermoplastic material such as polycarbonate. 
The lid 36 and substrate 31 can be formed using known 
micro-injection molding processes. The mold for making 
the obstructions in the capillary pathway can be con- 
structed by deep reactive ion etching processes typical- 
ly employed in the manufacture of molds for pre-record- 
ed compact disks and digital video disks. A suitable dry 
reagent can be situated at desired locations in the struc- 
ture, if desired. The pieces of the structure are then as- 
sembled so that the capillary pathway 16 is enclosed 
within the structure, yet can be accessed at an inlet port 
14 designed to receive a sample of a fluid having a vol- 
ume of 100 uJ or less, more typically having a volume of 
about 5-10 u.1, and preferably having a volume of about 
2-3 ul 

[0023] Although the present invention has been de- 
scribed by reference to the illustrated preferred embod- 
iment, it will be appreciated by those skilled in the art 
that certain changes and modifications can be made 
within the scope of the invention as defined by the ap- 
pended claims. 



Claims 



group being confined to a discrete arcuate segment 
of the at least one curved portion of the capillary 
pathway, each group being spaced from any adja- 
cent group by a second distance greater than the 
s first distance defining a longitudinal segment of the 
capillary pathway. 

2. The apparatus of claim 1 wherein at least some of 
the microstructures within at least one of the groups 
comprises arcuate partitions having longitudinal di- 
mensions about equal to the discrete arcuate seg- 
ment occupied by the at least one group. 

3. The apparatus of claim 1 wherein at least some of 
the microstructures within at least one of the groups 
comprises posts. 

4. The apparatus of claim 3 wherein the posts ar- 
ranged in a uniformly spaced triangular close pack 
configuration. 

5. The apparatus of claim 4 wherein at least some of 
the posts adjacent to either of the walls are joined 
to the walls. 

6. The apparatus of claim 1 wherein the microstruc- 
tures adjacent to the inner and outer walls are sep- 
arated from the adjacent walls by a distance less 
than said first distance. 

7. The apparatus of claim 1 wherein the microstruc- 
tures located closer to the inner wall are smaller 
than the microstructures located closer to the outer 
wall. 

8. The apparatus of claim 7 wherein the microstruc- 
tures are centered on centers which are equally 
spaced from each other. 
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1. A capillary pathway having at least one curved por- 40 
tion, the pathway curved portion comprising a base, 
an inner wall defined by a first radius from a center 
point and an outer wall generally concentric about 
the center point and defined by a second radius 
greater than the first radius, the inner wall and outer 45 
wall being fixed to the base and defining lateral 
boundaries of the capillary pathway, and a lid ex- 
tending at least from the inner wall to the outer wall 
covering the capillary pathway, the capillary path- 
way including apparatus facilitating the transport of so 
a liquid longitudinally through the pathway compris- 
ing: 

at least one group of microstructures fixed to the 
base in the capillary pathway between the inner and 
outer walls, the microstructures of each group being 55 
spaced from each other on a nearest neighbor basis 
by less than a first distance that is less than that 
necessary to achieve capillary flow of liquid, each 



9. The apparatus of claim 7 further comprising at least 
one capillary channel coupled to the capillary path- 
way curved portion between two adjacent groups of 
the microstructures. 

10. The apparatus of claim 9 wherein walls defining lat- 
eral boundaries of the at least one capillary channel 
are closer to each other than are the inner and outer 
walls of the capillary pathway. 

11. The apparatus of claim 10 wherein there are at least 
two capillary channels coupled to the capillary path- 
way. 

12. The apparatus of claim 11 wherein the walls defin- 
ing the lateral boundaries of the at least two capil- 
lary channels are spaced apart by different distanc- 
es. 
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13. A capillary pathway having at least one curved por- 
tion, the pathway curved portion comprising a base, 
an inner wall defined by a first radius from a center 
point and an outer wall defined by a second radius 
from the center point greater than the first radius, s 
the inner wall and outer wall being fixed to the base 
and defining lateral boundaries of the capillary path- 
way, and a lid extending at least from the inner wall 

to the outer wall covering the capillary pathway, the 
capillary pathway including apparatus facilitating 10 
the transport of a liquid longitudinally through the 
pathway comprising: 

groups of microstructures fixed to the base of the 
capillary pathway between the inner and outer 
walls, the microstructures of each group being 15 
spaced from each other on a nearest neighbor basis 
by less than a first distance that is less than that 
necessary to achieve capillary flow of liquid, each 
group being confined to a discrete arcuate segment 
of the at least one curved portion of the capillary 20 
pathway, each group being spaced from any adja- 
cent group by a second distance greater than the 
first distance defining a longitudinal segment of the 
capillary pathway. 

25 

14. The apparatus of claim 13 further comprising at 
least one capillary channel coupled to one of the 
inner and outer wall of the capillary pathway curved 
portion between two adjacent groups of microstruc- 
tures. 30 

15. The apparatus of claim 13 wherein the microstruc- 
tures adjacent to the inner and outer walls are sep- 
arated from the adjacent walls by a distance less 
than said first distance. 35 

16. The apparatus of claim 13 wherein walls defining 
lateral boundaries of the at least one capillary chan- 
nel are closer to each other than are the inner and 
outer walls of the capillary pathway. 40 

17. The apparatus of claim 16 wherein there are at least 
two capillary channels coupled to the capillary path- 
way. 

45 

18. The apparatus of claim 17 wherein the walls defin- 
ing the lateral boundaries of the at least two capil- 
lary channels are spaced apart by different distanc- 
es. 

50 

19. The apparatus of claim 13 wherein at least some of 
the microstructures within at least one of the groups 
comprises arcuate partitions having longitudinal di- 
mensions about equal to the discrete arcuate seg- 
ment occupied by the at least one group. 55 

20. The apparatus of claim 1 3 wherein at least some of 
the microstructures within at least one of the groups 



10 

comprises posts arranged in a uniformly spaced tri- 
angular close pack configuration. 

21 . The apparatus of claim 20 wherein at least some of 
the posts adjacent to either of the inner and outer 
walls are joined to the walls. 

22. The apparatus of claim 21 wherein the microstruc- 
tures located closer to the inner wall are smaller 
than the microstructures located closer to the outer 
wall. 

23. The apparatus of claim 22 wherein the microstruc- 
tures are centered on centers which are equally 
spaced from each other. 

24. A capillary pathway comprising a base, an inner 
wall and an outer wall, the inner wall and outer wall 
being fixed to the base and defining lateral bound- 
aries of the capillary pathway, and a lid extending 
at least from the inner wall to the outer wall covering 
the capillary pathway, the capillary pathway includ- 
ing groups of microstructures fixed to the base with- 
in discrete segments of the pathway for facilitating 
the transport of a liquid longitudinally through the 
pathway, and at least two capillary channels cou- 
pled to either one of the inner and outer wall of the 
capillary pathway, each capillary channel being 
coupled to one of the inner and outer walls between 
two adjacent groups of microstructures, each cap- 
illary channel including a pair of side walls defining 
lateral boundaries of each capillary channel, each 
pair of side walls of all capillary channels being clos- 
er to each other than are the inner and outer walls 
of the capillary pathway, the pair of side walls of one 
of the capillary channels being spaced apart by a 
different distance than one other capillary channel. 
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